Functional glycosyltransferase 6 (GT6) family members catalyze the transfer of galactose or N-acetylgalactosamine in a1,3 linkage to various substrates and synthesize structures related to the A and B histo-blood group antigens, the Forssman antigen, aGal epitope, and iGb3 glycolipid. In rat, mouse, dog, and cow genomes, we have identified three new mammalian genes (GT6m5, GT6m6, and GT6m7) encoding putative proteins belonging to the GT6 family. Among these, GT6m6 protein does not display major alterations of the GT6 motifs involved in binding of the divalent cation and the substrate. Based on protein sequence comparison, gene structure, and synteny, GT6 homologous sequences were also identified in bird, fish, and amphibian genomes. Strikingly, the number and type of GT6 genes varied widely from species to species, even within phylogenetically related groups. In human, except ABO functional alleles, all other GT6 genes are either absent or nonfunctional. Human, mouse, and cow have only one ABO gene, whereas rat and dog have several. In the chicken, the Forssman synthase-like is the single GT6 family member. Five Forssman synthase-like genes were found in zebrafish, but are absent from three other fishes (fugu, puffer fish, and medaka). Two iGb3 synthase-like genes were found in medaka, which are absent from zebrafish. Fugu, puffer fish, and medaka have an additional GT6 gene that we termed GT6m8, which is absent from all other species analyzed here. These observations indicate that individual GT6 genes have expanded and contracted by recurrent duplications and deletions during vertebrate evolution, following a birth-and-death evolution type.
Introduction
Glycosyltransferases form a functional family of intracellular membrane-bound enzymes. They participate coordinately in the biosynthesis of carbohydrate moieties of glycoproteins and glycolipids, which play an important role in various cellular functions (Varki 1993) . Glycosyltransferases have been classified into families, on the basis of sequence similarities, in the CAZY database (http://www.cazy.org) and, most often, within a given family, the various enzymes transfer the same sugar residue. Enzymes of the glycosyltransferase 6 (GT6) family contribute to the synthesis of histo-blood group-related antigens. These enzymes are type II transmembrane proteins localized in the Golgi complex, with a cytoplasmic tail, a transmembrane domain of about 20 amino acids, and a large luminal catalytic domain. All glycosyltransferases within the CAZY database GT6 family transfer either a galactose (Gal) or an N-acetylgalactosamine (GalNAc) in a1,3 linkage from the uridyl-diphosphate (UDP) nucleotide sugar, retaining the a configuration of the transferred Gal or GalNAc (Hennet 2002) . Their activity requires the presence of the divalent cation, Mn 2þ . It has been shown that a conserved DVD (aspartic acid, valine, aspartic acid) motif interacts with both the nucleotide -sugar and the divalent cation (Boix et al. 2001 (Boix et al. , 2002 Gastinel et al. 2001; Patenaude et al. 2002) . Conserved cysteines have additionally been identified within the GT6 family (Shetterly et al. 2001) . Moreover, analysis of the crystal structure of the Ggta1 enzyme and of the A and B histo-blood group enzymes together with molecular modeling allowed characterization of conserved amino acids regions involved in the substrate-binding sites. These regions were called ligand-binding regions (LBRs) (Heissigerova et al. 2003) . Additionally, the carboxylic terminal amino acids have to be acidic and seem to play a role in the enzyme function (Heissigerova et al. 2003) .
Among the presently known enzymes in the family, the histo-blood group A and B enzymes transfer either a GalNAc or a Gal synthesizing A or B histo-blood group antigens, respectively. In human, they are products of the A and B alleles at the ABO locus, and both use as acceptor substrate the H histo-blood group antigen characterized by the presence of a fucose molecule in the C2 position of the Gal residue of the acceptor. The products of the various O alleles of the ABO gene are inactive, leaving the H antigen unchanged, thus characteristic of the O blood group (Yamamoto 2000) . The a1,3galactosyltransferase enzyme or Ggta1, which is responsible for the synthesis of the a-Gal epitope found in most mammalian species with the exception of all apes and Old World monkeys, transfers a Gal on an N-acetyllactosamine unit (Galili 2001) . The Forssman synthase (FS) transfers a GalNAc on a glycolipid, the globotetraosylceramide (Haslam and Baenziger 1996) . From species to species, the Forssman gene seems to be active or inactive. Mouse and chicken are Forssman positive, whereas rat and pigeon are Forssman negative. The last functional member of the GT6 family isogloboside 3 synthase (iGb3S) transfers a Gal on lactosylceramide. This gene is a pseudogene in human, but is active in several other mammals (Keusch et al. 2000) .
Searching for new GT6 family members by BLAST in human, rat, and mouse genomes, we identified three putative genes encoding proteins displaying significant homology with GT6 functionally identified enzymes and observed that in the human, rat, and mouse genomes, the corresponding genes were either present or absent. We thus sought to explore the variation in GT6 gene members in various vertebrate species for which significant genome sequence data are available in databanks. For this aim, we searched databanks for genomic GT6 segments and putative GT6 enzyme sequences. Although it has not been possible to define the enzyme activity of all proteins displaying significant homology with GT6 functional members, the analysis allows us to propose a scheme of long-term evolution for this glycosyltransferase gene family.
Results

New mammalian GT6 family members
A blast search in the rat genome with the mouse Ggta1 copy DNA (cDNA) sequence as a query revealed the existence of putative genes displaying homology with the GT6 family. They were termed GT6m5, GT6m6, and GT6m7 for GT6 member 5, 6, and 7, respectively since four members of the family were already known (ABO, FS, Ggta1, and iGb3S). The complete rat cDNA sequences of GT6m5 and GT6m6 were obtained by reverse transcription and rapid amplification of cDNA ends-polymerase chain reaction (RACE-PCR). Transcripts for GT6m5 and GT6m6 were detected in small amounts in some rat tissues: olfactory bulb, lung, kidney, and salivary glands. The highest expression was found in the olfactory bulb (see Supplementary data Tables I and II) . The human and macaque GT6m7 cDNAs were also cloned. The human putative protein is shorter than its macaque counterpart due to the presence of a point mutation responsible for a premature stop codon. The latter mutation was observed at homozygosity in all 40 human DNA samples studied by direct sequencing of amplified fragments (data not shown).
The coding sequences of both GT6m5 and GT6m6 are comprised within five exons, whereas that of GT6m7 is comprised within seven exons. One and two additional transcribed noncoding exons were identified upstream of the start codon for GT6m5 and GT6m6, respectively. Three GT6m5 mRNA isoforms were characterized during the amplification of the complete coding sequence: a long 966-bp isoform and two shorter isoforms of 828 and 744 bp, which result from alternative splicing since they lack either only exon 4 or exons 2, 3, and 4, respectively. The reading frame is conserved in the splice variants. Sequence comparison with known members of the GT6 family indicates that exon 4 encodes part of the catalytic domain. The short, putative GT6m5 isoforms are thus expected to lack enzyme activity. At the protein level, rat GT6m5, GTm6, and GT6m7 show 49, 57, and 51% of identity with rat Ggta1, respectively. Their general structure correspond to that of most glycosyltransferases with a short N-terminal cytoplamic domain, a transmembrane domain followed by a stem region and a catalytic domain. However, comparison with other members of the GT6 family reveals significant characteristics. Neither the DxD motif, which interacts with the divalent cation and is conserved in almost all glycosyltransferases, nor the typical cysteine residues of the GT6 family, identified by Shetterly et al. (2001) , is present in GT6m5 and GT6m7. Yet, they are present in GT6m6. Likewise, the LBR characterized by Heissigerova et al. (2003) is either clearly altered or absent from both GT6m5 and GT6m7 putative proteins, but not from GT6m6 (Figure 1 ). Nine LBR have been identified and named from A-I. All are well conserved in the GT6m6 putative protein, except for the arginine or lysine residue of LBR-A, which is replaced by a serine in the rat sequence. The arginine or lysine of LBR-A makes contact with the uridine or ribose of the donor in the human A and B enzymes, as well as in the bovine Ggta1. Notably, in other mammalian species, the arginine at the corresponding position of GT6m6 is conserved (Figure 1 ). Likewise, LBR-A, as well as LBR-D and LBR-E, which interact with the Gal or GalNAc of the donor substrate or the oligosaccharide acceptor, is partly conserved in GT6m5 and GT6m7. In contrast, the LBR-B, LBR-C (the DxD motif ), LBR-F, LBR-G, LBR-H, and LBR-I are completely absent from the GT6m5 and GT6m7 sequences. Amino acids of these motifs are crucial for interactions with the divalent cation, the nucleotide, the pyrophosphate, or the sugar of the donor substrate.
Assay of the enzyme activities
The complete coding sequence of rat GT6m5 and GT6m6 were cloned in a eukaryotic expression vector and transfected into Chinese hamster ovary (CHO) cells either expressing an a1,2fucosyltransferase or not. Analysis of cell surface glycosylation using lectins and monoclonal antibodies (mAbs) following transfection did not reveal any change. In contrast, control transfection with the A rat enzyme cDNA of a1,2fucosyltrans-ferase-expressing CHO cells led to A antigenic expression. Likewise, control transfection with the rat Ggta1 cDNA allowed expression of GS1-B4 lectin binding sites (see Supplementary data Figure 1 ). Soluble forms of the rat GT6m5 and GT6m6 enzymes lacking the intracytoplasmic and transmembrane domains were produced in COS (African green monkey cell line derived from kidney cell transformed by SV40) cells using the pSecTag2 vector. The acceptor substrate specificity of both potential enzymes was tested on a series of oligosaccharides. Since the known enzymes of the GT6 family catalyze the transfer of either Gal or GalNAc, UDP-Gal and UDP-GalNAc were used as donor substrates. No enzyme activity could be detected in conditions were the soluble rat A enzyme prepared in the same manner showed clear activity (see Supplementary data Table III ). Thus, we were unable to demonstrate any glycosyltransferase activity for these two new members of the GT6 family.
Chromosome localization and structure of the GT6 genes The three new genes are localized on rat chromosome 3, like most members of the gene family. The most telomeric member of the GT6 family is GT6m7, localized in 3p13 at 1.25 Mb and 30 loci apart from the rat Abo genes. Depending on the strain, two or more Abo genes are present Evolution of the glycosyltransferase 6 gene family in rat genomes, representing paralogues located at the border between 3p13 and 3p12 (Iwamoto et al. 2002; Turcot et al. 2003) . Further centromeric, 1.7 Mb and 25 loci apart, lies an FS pseudogene in 3p12. In rat, this gene lacks all small 5' exons and retained the two last exons only, in line with the absence of Forssman glycolipid in that species. Much further centromeric, 6.9 Mb apart, in 3p11, lies GT6m5 separated by only one locus (similar to spermidine synthase) from GT6m6 and Ggta1, which are contiguous ( Figure 2 ). The iGb3S locus is on rat chromosome 5. In addition, two fragments of Evolution of the glycosyltransferase 6 gene family probable processed Abo pseudogenes are found at 1q21 and 15q11 in the rat genome. A comparison with the human genome revealed a general, similar organization of the GT6 genes. The human genome region orthologous to rat chromosome 3p11 -3p13 is chromosome 9q34. The most telomeric GT6 family member on this chromosome is GT6m7 like in the rat genome, then come the Abo and FS loci and further centromeric the GGTA1 locus. However, the GT6m5 and GT6m6 genes are not found in the human genome. A further difference between the rat and human genomes is the existence of a single Abo gene in human (Figure 2 ). The human iGb3S gene is localized on chromosome 1 in a region orthologous to that of the rat genome where the rat iGb3S gene lies. Two processed pseudogenes are found in the human genome, a pseudo GGTA1 on chromosome 12 and a fragment of Abo on chromosme 19. The organization of the GT6 family is similar in the mouse genome, with most members in a genomic region of chromosome 2, orthologous to rat 3p11 -3p13 and to human 9q34. Like in the rat and human genomes, the iGb3S locus is unlinked to the other members, located on chromosome 4 in a region orthologous to rat 5q36 and human 1p35. A processed Abo pseudogene is present on chromosome 7. Similar to the rat genome, the mouse genome contains the GT6m5 and GT6m6 genes and, like the human genome, it presents one Abo gene only (not shown). Surfeit gene cluster (Surf1, Surf2, Surf4, Surf5, and 
Surf6
) is closely linked to Abo in mammalian genomes. In Xenopus, Surf6 is found on the same scaffold about 50 kb upstream of Abo-L3. In zebrafish, it is on the same chromosome and there are about 13.7 Mb between Surf5 and the Abo cluster. This shows a conserved synteny between Surfeit genes and the GT6 family members, except iGb3 synthase, throughout vertebrates' evolution.
The organization of the coding regions in the rat GT6 genes is shown in Figure 3A . The two last exons are the largest and code for the catalytic domain. The intracytoplasmic domain, the transmembrane domain, and the stem region are encoded by three to five small exons depending upon the gene. The size of introns is also variable from gene to gene. These characteristics are found in all GT6 family members of other species as shown for a few selected examples on Figure 3B . Sequence comparisons indicate that nearly all homologies are concentrated in the two last exons that correspond to the known or potential catalytic domains, almost no homologies exist between sequences of the 5 0 exons.
Evolution of the GT6 gene family
In order to get insights into the long-term evolution of the GT6 family, databanks were searched for sequences presenting clear homologies to the known members described in Figure  2 . Sequences clearly belonging to the family were retrieved from various mammalian species, a bird, a frog, and four bony fish species. A related gene could also be found in bacteria, but none was obtained from invertebrates. The GT6 bacterial member belongs to the Escherichia coli strain O86, which is well known to express B antigen on its lipopolysaccharide O-chains (Yi et al. 2005) . In order to make comparisons possible among different species, we used only sequences retrieved from genomes from which a high coverage, assembled or not, was available. Individual GT6 family members can be found from various other species. Yet, the absence of other GT6 sequences in those species may simply indicate a lack of information rather than an absence of the corresponding gene. The retained species were: for mammals, Homo sapiens, Rattus norvegicus, Mus musculus, Canis familiaris, Bos taurus, and Monodelphis domestica; for bird species, only Gallus gallus (the domestic fowl); for frog, Xenopus tropicalis; and for fishes, Takifugu rubripes (fugu), Tetraodon nigroviridis ( puffer fish), Danio rerio (zebrafish), and Oryzias latipes (medaka). Sequence alignments generate two major subgroups as shown in Figure 1A and B, respectively. Figure 1A contains the Abo-and FS-related sequences and Figure 1B contains the Ggta1-, iGb3S-, GT6m5-, GT6M6-, and GT6m7-related sequences. Many primate GT6 sequences can be found and the chimpanzee genome is now fully sequenced, but since our aim was to analyze the long-term evolution of the family, we decided to use only human sequences in the present analysis as representative of the primate group. With the exception of human, chimpanzee, and opposum, GT6m5 and GT6m6 were found in all mammalian species for which sufficient genomic data are available. GT6m7 is present in all mammals, except opposum. Yet, the human sequence contains a premature stop codon in the last exon. If the Evolution of the glycosyltransferase 6 gene family corresponding protein has a biological activity, it is certainly lost in humans. Orthologues to GT6m5, GTm6, and GT6m7 could not be found outside the mammalian group.
A phylogenetic analysis was performed using the alignment of amino acid sequences corresponding to the catalytic domain of known functional proteins (Gastinel et al. 2001; Patenaude et al. 2002) , Figure 4 . The two major branches with the Abo-and FS-related sequences on one side and the Ggta1, iGb3S, GT6m5, GT6m6, and GT6m7 on the other side are clearly visible. As expected, among mammals, the opposum sequences are more distant, but can be clearly ascribed to an orthologous group. The only exception is a sequence that lies between Ggta1 and GT6m6. Since GT6m5, GT6m6, and GT6m7 could not be found in opposum, this gene could be their ancestor. Alternatively, it could result from an independent duplication of Ggta1 in the opposum lineage. Within the first main branch, mammalian Abo sequences are grouped. Some species, such as man, mouse, pig, and cow, present a single Abo gene, while others, such as rat and dog, present several. Eight Abo related sequences are found in xenope (a. tropicalis). Since it is not yet known whether they correspond to active enzymes with either an A or B activity, they have been termed Abo like. The other subgroup of this main branch corresponds to Forssman or FS like. The only GT6 member found in the chicken genome belongs to that subgroup. The zebrafish genome has five distinct Forssman-like sequences, at variance with the other fishes which have none. The second main branch of the tree shows an iGb3S subgroup with all the mammalian sequences and two sequences from each of the three fishes fugu, tetraodon, and medaka. The latter were termed iGb3S-like since the enzyme activity has not been described for any of these fish sequences. Surprisingly, no such sequence was found in the zebrafish genome. Of the three new genes GT6m5, GT6m6, and GT6m7 described in the first paragraph of the Results section, GT6m6 is the most closely related to Ggta1. In addition to the iGb3S-like sequences, each of the three fish species, medaka, fugu, and tetraodon possesses one more sequence of the GT6 family that cannot be unambiguously ascribed to one of the two main branches. These new sequences cannot be considered orthologous to one of the other GT6 family members and we called them GT6m8 for GT6 family member 8. Finally, the E. coli sequence is used as outgroup. Its region corresponding to the catalytic domain shows 11% identity with rat Abo1 and clearly belongs to the GT6 family as judged from its homology with all other members of the family. This is unambiguously confirmed by the recent demonstration of its B blood group enzyme activity (Yi et al. 2006 ).
It appears that irrespective of whether they correspond to active enzymes or not, the number of GT6 members largely differ from genome to genome even within phylogenetically related subgroups like mammals or bony fishes. Individual genes of the GT6 family have thus expanded or contracted by duplications and deletions in the course of their evolution.
Discussion
Three new mammalian GT6 members are described, but it is not clear whether they are functional in any species. Both GT6m5 and GT6m7 lack several motifs that appear essential for catalytic activity, in particular for binding to the donor substrate and the divalent cation. Not so surprisingly, we were unable to demonstrate any enzyme activity for rat GT6m5 and preliminary assays using a limited number of substrates on macaque GT6m7 were negative as well (data not shown). GT6m5 and GT6m7 could thus correspond to pseudogenes. Phylogenetic analysis indicated that GT6m5, GT6m6, and GT6m7 evolved faster than the other mammalian GT6 members since they formed longer branches within the mammalian group. This would suggest that they benefit from lower structural constraints to maintain a biological function or more likely, that they are easily dispensable so that less negative selection was exerted in the past on these three GT6 genes as compared to the others. Yet, their conservation without gross alterations in distant mammalian genomes is surprising. It contrasts with the accumulation of nonsense mutations or deletions in Ggta1 of apes on a much shorter period of time (Koike et al. 2002) . Whether they have any function at all thus remains to be seen. Unlike the two previous sequences, GT6m6 shows a good conservation of all essential motifs. Yet, we were unable to demonstrate enzyme activity of rat GT6m6. Our data indicate that it does not possess a redundant activity with the previously known GT6 enzymes. If it has an enzyme activity, it may not correspond to the addition of a Gal or a GalNAc in a1,3-linkage like other GT6 members. Even though within a glycosyltransferase family, the various enzymes generally transfer the same sugar residue, there are exceptions such as b3GnT1, b3GnT3, and b3GnT5, which belong to a galactosyltransferase family but catalyze the transfer of a GlcNAc or a4GalT whose closest homologue is an a4GlcNAc transferase (Zhou et al. 1999; Steffensen et al. 2000; Shiraishi et al. 2001; Togayachi et al. 2001) . It is thus possible that GT6m6 transfers a sugar other than Gal and GalNAc. Alternatively, it may be nonfunctional in rat, but functional in other species like human FS, that is, inactive even though it does not show obvious sequence alterations (Xu et al. 1999) .
Phylogenetic studies are limited by the large divergence of orthologous sequences when a long phylogenetic scale is considered. They are also limited by the lack or partial nature of data from many important species and by the difficulty in genome reconstruction from crude sequences. Thus, distinguishing allelic sequences from paralogues is not necessarily straightforward. Considering these limitations, we concentrated on sequences unambiguously belonging to the GT6 family because of important similarities with wellknown GT6 members characterized by the presence of at least some of the previously defined functional motifs, by the overall conservation of the gene structure and by their synteny in the genome.
Sequences with clear features characteristic of the GT6 family were found in all vertebrate species for which data are available, but could not be unambiguously detected in invertebrates.
Peptide sequences showing weak homologies with GT6 members were found in anopheles, but it is not clear whether they correspond to GT6 proteins since they do not present any of the conserved motifs characteristic of the family in vertebrates. Nevertheless, some invertebrate species express carbohydrate antigens related to histo-blood group antigens. The A antigen or A-like antigen has recently been detected in oysters with anti-A mAbs or the HPA lectin. It is recognized by human norovirus strains that use it as a ligand both in oysters, concentrating the virus, and in human where the virus replicates, A-L Turcot-Dubois et al. Fig. 4 . Neighbor-joining tree of GT6 protein sequences corresponding to the catalytic or putative catalytic domains from vertebrate species. The bootstrap value based on 1000 replications is shown for each interior branch wherever .65%. The E. coli blood group B enzyme (GT6 E. coli) was used as outgroup. Bos, B. taurus (cow); Canis, C. familiaris (dog); Danio, D. rerio (zebrafish); Fugu, T. rubripes (fugu); Gallus, G. gallus (chicken); Homo, H. sapiens (human); Meda, O. latipes (medaka); Mus, M. musculus (mouse); Opos, M. domestica (opossum); Rattus, R. norvegicus (rat); Tetra, T. nigroviridis (puffer fish); Xenopus, X. tropicalis (xenopus).
Evolution of the glycosyltransferase 6 gene family causing gastroenteritis (Le Guyader et al. 2006) . Likewise, HPA-binding sites have been found in species belonging to other invertebrate orders, indicating the presence of terminal aGalNAc residues (Fang and Welsch 1995; Evangelista and Leite 2002) . The enzymes involved in the synthesis of these invertebrate carbohydrate structures may be phylogenetically too distant to allow unambiguous classification in the GT6 family. Alternatively, they may be unrelated enzymes or they may be absent from databanks. The presence of bacterial sequences such as the protein with B blood group enzyme activity from E. coli strain 086 (Yi et al. 2005) , clearly belonging to the GT6 family is probably due to lateral transfer or possibly to convergent evolution (Yi et al. 2006 ).
Although it was not possible to find an orthologue of the common GT6 ancestor, a scenario of the GT6 family evolution in vertebrates can be proposed ( Figure 5 ). Three GT6 subfamilies, likely deriving from a common ancestor, are already present in teleost fishes, FS-like, iGb3S-like, and a member with no clear mammalian orthologue, GT6m8. The latter has probably been lost from all terrestrial vertebrates. In this scenario, FS-like would be the ancestor of both FS and ABO through a duplication that occurred in an ancestor of amphibians. IGb3S-like would have been duplicated in a mammalian ancestor giving rise to iGb3S and Ggta1. Since then, the latter has been duplicated twice, first to generate an ancestor of GT6m5 and GT6m7 and more recently to generate GT6m6. Considering the long time scale, chromosome localizations in mammals are compatible with this model since Abo and FS are close from each other, Ggta1, GT6m6, and GT6m7 are next to each other, whereas iGb3S is on a distinct chromosome in human, chimpanzee, and rodents.
According to the species considered, some gene members have been further duplicated or inversely have been lost. The chicken genome, which is the only bird species for which near complete genomic information is available, has only one GT6 member with high similarity to FS. Consistent with the absence of A or B antigens as well as of the aGal xenoantigen in chicken and the presence of Forssman glycolipid in chicken and ostrich (Bouhours et al. 1999; Oriol et al. 1999) , it indicates that the evolutionary branch leading to birds has lost the genes of at least two GT6 subfamilies.
The single amphibian genome (X. tropicalis) available for the analysis presents eight genes related to the ABO subfamily and none to the other subfamilies. Since these genes are located in tandem in the genome, they probably occurred by repeated duplications from a common ancestor. Surprisingly, none of the other GT6 subfamilies are represented in Xenopus. The large number of ABO-like genes in X. tropicalis is compatible with the large number of A and B blood group typical and unusual structures characterized from the jelly coat of various frogs eggs (Strecker et al. 1995; Delplace et al. 2002; Coppin et al. 2003) .
Opposum is a representative of marsupial mammals, which diverged from placental mammals about 170 million years ago. Four GT6 members were found in its genome. An ABO gene, a FS gene, a Ggta1 gene, and a gene related to Ggta1 that could correspond either to an opossum-specific duplication or that could be an ancestor of GT6m5, GT6m6, or GT6m7.
All GT6 members derived from the ancestors of FS and iGb3S are represented in mammals. Yet, important differences exist among species in this group with the expansion of the Abo gene in some species and the complete loss or the loss of function of other genes in other species. Thus, of all GT6 family members, only the products of the A and B alleles at the ABO locus are functional in human. Ggta1, FS, and iGb3S appear inactivated because of promoter alterations and of aberrant splicing (Taylor et al. 2003; Milland et al. 2006) , GT6m7 is inactivated and both GT6m5 and GT6m6 are lacking. This situation of expansion or deletion of genes of a given family in distinct species is typical of the model of birth-and-death evolution described by Nei et al. (2005) at variance with models of divergent evolution or concerted evolution. Birth-and-death evolution of a multigene family is characterized by the creation of new genes by duplication that can be maintained in the genome for long periods of time, whereas some duplicates are deleted or inactivated through mutations. This model of evolution seems to apply particularly well to gene families involved in interactions with the environment since the selective pressures exerted on species living in different environments will not be identical. They include gene families of the immune system, such as the major histocompatibility complex, the natural killing receptors, and defensins, or of the sensory systems, such as the taste and olfactory receptors (Nei et al. 1997; Conte et al. 2003; Niimura and Nei 2003; Nei 2004, 2005; Lynn et al. 2004) .
Although the biological roles of the GT6 family members are not well defined as yet, evidence has accumulated suggesting that they play roles in interactions with pathogens and in innate immunity. The A and B antigens are ligands for some pathogens and this correlates with sensitivity to the pathogen as recently shown for some norovirus strains (Tan and Jiang 2005; . The Forssman antigen is a ligand of pathogenic E. coli strains. Its absence from some species prevents cross-species transmission of these pathogenic bacteria (Xu et al. 1999) . Natural antibodies against the A and B antigens as well as against the aGal xenoantigen synthesized by Ggta1 may, respectively, restrict the intra-species or trans-species spread of viruses expressing the corresponding antigens (Rother et al. 1995; Takeuchi et al. 1996; Seymour et al. 2004; Neil et al. 2005) . The iGb3 glycolipid was recently shown to be an endogenous ligand for mouse iNKT lymphocytes (Zhou et al. 2004 ). These nonconventional lymphocytes recognize glycolipids presented by the CD1d molecule to an invariant T-cell receptor. They play essential roles at the interface between the innate and adaptative immune responses and are involved in anti-bacterial responses in the control of autoimmunity as well as in the immunity against cancer cells (Godfrey and Kronenberg 2004) . They can directly recognize some bacterial glycolipids or regulate immune responses after recognition of an endogenous glycolipid (Mattner et al. 2005) . The B blood group antigen is a developmentally regulated marker of some sensitive neurons, suggesting that it could be involved in hearing and olfaction (Mollicone et al. 1985; Astic et al. 1989) . In this respect, it is interesting to note that a main site of expression of GT6m5 and GT6m6 was the olfactory bulb. It has also been suggested that oligosaccharides synthesized by members of the GT6 family could participate in gamete interactions, although this is debated (Litscher et al. 1995; Johnston et al. 1998) . Amphibians show a large repertoire of such oligosaccharides on their jelly coat that differ from species to species. They could play a role in species-specific gamete interactions (Coppin et al. 2003) . Such a role would be highly compatible with the birth-and-death evolution character of the GT6 family since a distinct set of genes in different species would be required.
In conclusion, we have shown that the GT6 family has more members than previously appreciated although it is not clear if the new genes described are functional in any species. Likewise, the biological activities of the ABO, FS, and iGb3 synthase found in fish, frog, or bird remain to be demonstrated. A long-term phylogenetic analysis of the GT6 family in vertebrates shows a clear mode of birth-and-death evolution consistent with the putative biological functions of the various members of the family.
Materials and methods
Cloning of rat GT6m5, GT6m6, and a3GalT (Ggta1) Cloning of these cDNAs was performed before the release of the rat genome sequences in databanks, and the sequence was deposited in the NCBI database (http://www.ncbi.nlm. nih.gov).
Identification and cloning of GT6m5.
Briefly, a BLAST search using the mouse a3GalT sequence (M 85153) revealed the existence of unknown rat expressed sequence tags (EST). Screening by real time-PCR of various rat cell lines and tissues showed that a corresponding sequence could be amplified from the mammary carcinoma cell line MT450 and from testis. The complete coding sequence was obtained by RACE-PCR using the Marathon cDNA Amplification kit (Clontech, Saint-Germain-en-Laye, France) from the MT450 and the testis cDNA libraries. It was then amplified from the rat testis cDNA library. Three isoforms were identified (966, 828, and 744 bp). The longest isoform was then cloned in the pCR3.1 þ vector (Invitrogen, Cergy Pontoise, France) and sequenced.
Identification and cloning of GT6m6. In order to search for new members of the GT6 family, degenerated primers (MotAB2 and MotAB3i), deduced from the available sequences of the ABO and Ggta1 genes in various mammalian species, were used to amplify a fragment of 200 bp. New primers were designed from this fragment. Elongation in the 3 0 direction was performed on rat Genome Walker cDNA library (Clontech). Elongation in the 5 0 direction was performed on a rat stomach cDNA. The complete coding sequence was obtained from the rat testis cDNA library and the product was cloned in pcDNA3.1þ.
Cloning of the rat Ggta1. The degenerated primers used to obtain the GT6m6 sequence allowed to isolate a second fragment of 200 bp. Both 3 0 and 5 0 direction elongations were performed on a rat stomach cDNA library by RACE-PCR using the Marathon cDNA Amplification kit (Clontech). The complete coding sequence was obtained from the rat testis cDNA library. The product was cloned in the pCR3.1þ vector.
Sequence analysis, chromosome localization, and phylogenic analysis Sequences belonging to the GT6 family were searched using BLASTN, TBLASTN, and BLAT with default parameters from all genomic and EST sequences available in the NCBI, ENSEMBL (http://www.ensembl.org/index.html), MEDAKA project (http://dolphin.lab.nig.ac.jp/medaka/index.php), and FlyBase (http://flybase.bio.indiana.edu/blast/) databases. Human and rat sequences were used as queries in the first round of search. The retrieved chicken, Xenopus, and fish sequences were used as queries in a second round of search to ensure completeness of the search process. Since we aimed at analyzing the long-term evolution of GT6 family, only human sequences were considered for primates. All genomic sequences capable to generate a complete catalytic domain, thus potential functional enzymes, were considered. The only exception was the human GT6m7 gene that contains a stop codon that should lead to a truncated catalytic domain. Since this nonsense codon is not present in the chimpanzee orthologous sequence and that a single nucleotide change could generate a complete coding peptide sequence, the corrected human sequence was used. The human FS sequence was also included since it corresponds to a full-length protein although it is known to be a nonfunctional enzyme. Processed pseudogenes were excluded from the analysis. Since no sequence fulfilling the above criteria could be retrieved from invertebrate genomic data, the study was restricted to vertebrates. All sequences and their accession numbers used in the study are listed in Table I . Approximate localizations of transmembrane regions were determined using the TMHMM program available from CBS prediction servers (http://www.cbs.dtu.dk/services). Multiple alignments were performed with ClustalW 1.8 (http:// searchlauncher.bcm.tmc.edu/seq-search/nucleic_acid-search. html). Phylogenetic trees were constructed by NeighborJoining with p distances and 1000 bootstrap replicates using MEGA3 (http://www.megasoftware.net).
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Supplementary data are available at Glycobiology online (http://glycob.oxfordjournals.org/).
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